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L 1.0 INTRODUCTION AND S U W R Y  

During the  course of the main tasks o f  the  cryogenic space tug  study 

missions i n  excess o f  6 days durat ion were n o t  considered. This was 

the r e s u l t  o f  no missions i n  the  DOD-NASA mission model r e q u i r i n g  o r b i t  

s tay times i n  exceeding t h i s  period. 

fu ture times missions w i l l  become o f  i n t e r e s t  where the  tug  i s  requi red 

f o r  per iods o f  longer durat ion.  Therefore, w i t h i n  the  context  o f  the  

specia l  emphasis task (Task 6)  an assessment o f  mission extensions was 

made. 

However, i t  i s  poss ib le  t h a t  i n  

The next  sect ions o f  t h i s  r e p o r t  present the  r e s u l t s  o f  a study o f  mission 

extension p o s s i b i l i t i e s .  Section 2 covers a desc r ip t i on  o f  the  study w i t h  

discussions o f  the groundrules, guidel ines and assumptions made. 

3 presents the  technica l  d e t a i l s  o f  the  analysis. 

vides a b r i e f  recomnendation f o r  f u tu re  a c t i v i t i e s  along the  l i n e s  o f  mis -  

s ion extensions i f  t h i s  sub jec t  should be pursued. 

Section 

The l a s t  sect ion pro- - 

I n  summary, the resu l t s  o f  the study show t h a t  the  Cryogenic Space Tug 

of fers s i g n i f i c a n t  p o t e n t i a l  f o r  extended mission durat ions out 

t o  6 months. The primary e f f e c t s  t h a t  l i m i t  increased stay times are 

a w e 1  l a n t  heat ing -and - b o i l o f f  as we1 1 as e x t r a  consumable2for increased 

watt-hours . -- _of  e l e c t r i c a l  power. However, by modest increases i n  the 

mu1 t i - l a y e r  i n s u l a t i o n  fo r  the cryogenic tanks the  b o i l o f f  can be reduced 

markedly. 

losses due t o  vent ing can be el iminated, thereby decreasing the b o i l o f f  

by a f a c t o r  o f  2. 

By means o f  a scheme described i n  d e t a i l  i n  Sect ion 3 - the oxygen 
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L A t  t h i s  f i r s t  l eve l  of analys is  system r e l i a b i l i t y  can be pro jected f o r  

mission extensions on ly  s t a t i s t i c a l l y .  

l i f e  o f  components so t h a t  wearout could be considered, an i n t u i t i v e  

approach was taken t o  the  e f f e c t s  o f  increased operat ing t ime fa i l u res .  

The study i n fe red  t h a t  o ther  factors  and considerat ions such as ground 

handl ing environments, maintenance and se rv i c ing  procedures, o r b i t a l  

deployment and recovery, and so f o r t h  might r e s u l t  i n  a very r e l i a b l e  

tug  system f o r  the tug  mission segment of the  o v e r a l l  tug-shut t le  ground 

arid space regime. 

d e f i n i t i v e  data become avai lab le.  However, the  ca lcu la t ions  show t h a t  

the mission completion r e l i a b i l i t y  est imate f o r  the  t u g  systems exceeds 

92 percent f o r  a c. 30-day synchronous o r b i t  mission. 

Lacking de ta i l ed  data on serv ice 

The subject  o f  course requi res f u r t h e r  study when more 

3 



L 2 .O STWY DESCRIPTION 
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The ob jec t i ve  of the study was t o  inc lude an evaluat ion of the  ef fects on 

the Tug systems t o  increase the in-space s tay  t ime beyond s i x  days. An 

assessment was t o  be made t o  determine 

thresholds would be encountered 

subsystem changes t o  operate a t  (1) the  same continuous l e v e l ,  (2) various 

reduced l e v e l s  and ( 3 )  i n t e r m i t t e n t l y .  For each mode of operat ion changes 

t o  the Tug systems and/or opt ions t h a t  could be imposed t o  meet d i f f e ren t  

t ime l i m i t s  were t o  be i d e n t i f i e d .  Wi th in  the l i m i t s  and resources 

ava i lab le  f o r  these tasks, these ob jec t ives  have been met. 

as s tay  t ime i s  increased what 

tha t  would requ i re  major 

Extended missions examined by the study were l a r g e l y  hypothet ica l  w i t h  

the s p e c i f i c  exception o f  two service missions t o  fou r  s a t e l l i t e s  i n  

synchronous equator ia l  o r b i t .  For these two missions, t ime l ines  were 

provided t o  the study team descr ib ing the events cover ing t o t a l  per iods 

o f  t h i r t e e n  and t h i r t y  days durat ion respec t ive ly .  This c lass  of mission 

was examined i n  the f i r s t  order o f  d e t a i l  parametr ica l ly  regard ing the 

prope l lan ts  consumed as a funct ion o f  geosynchronousstay t i m e  and are 

described elsewhere i n  t h i s  report .  I t  i s  s u f f i c i e n t  t o  s t a t e  a t  t h i s  

t ime t h a t  the study concluded that  the 6-day d i r e c t  developed tug  i s  

capable of  se rv i c ing  fou r  s a t e l l i t e s  i n  the  context  o f  the  reference 

mi s s i ons prov i  ded . 

Other extended missions examined included luna r  missions and l i b r a t i o n  

p o i n t  v i s i t s  which might prove o f  f u t u r e  i n t e r e s t s  t o  s c i e n t i f i c  explora- 

t i o n  programs. Within the category o f  low ea r th  o r b i t s  l o i t e r  missions 

and long dura t ion  payload attendances mission which might be des i rab le  

f o r  achieving s h u t t l e  f l  ex i  b i  1 i ty and m i l  5 t a r y  consequences were a1 so 

included. The Table 2-1 sumnarizes the  classes o f  missions examined. 
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A t  the ou tse t  of the study i t  was necessary t o  define the Tug system t o  

be assessed f o r  extended stay times and t o  es tab l i sh  groundrules t o  

form the  framework o f  the analysis.  

con f igura t ions  would n o t  emerge from the main l ine study a c t i v i t i e s  i n  

s u f f i c i e n t  t ime t o  proceed with the work o f  Task 6, a ground r u l e  was 

Real iz ing t h a t  spec i f i c  recomnended 

se t  de f i n ing  the Tug t o  be t h a t  which would be responsible t o  the  most 

severe mission requirements o f  the o v e r a l l  DOD-NASA mission model. 

Therefore, a f u l l  d i  r e c t  capabi 1 i ty op t i on  . .I. . .. w i t h  rendezvous and . _g r docking 1- -. 

con f igura t ion  -) which -- -- .- coul-d_sat isfy the  

Reference Mission 'Alpha' was defined as basel ine. It was fu r the r  

assuned t h a t  t h i s  conf igura t ion  would be the most advanced from the  

------- --- 
irements o f  the..sa7ca1led 

s tandpoint  o f  c a p a b i l i t i e s  inc lud ing  a l e v e l  I1 navigat ion autonomy. 

T y p i c a l l y  con f igura t ion  opt ions 402 o r  403 would be representat ive of 

the base1 ine .  

t i o n  numbers 402 and 403 are repeated. 

402 opt ion:  

For reference purposes pe r t i nen t  descr ip t ions  of conf igura- 

Figure 2-1 i s  a p i c t o r i a l  o f  the  

6 
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Charac ter is t i cs  o f  space t u g  considered f o r  mission extensions. 

Con f i gu r a t i  on 

Mission Duration (Days) 

Autonomy Level 

Main Engine 

Mixture Rat io  

I S P  

Thrust 

APS 

Therma 1 I ns u l  a t i  on 

E l e c t r i c a l  Power System 

Payload Depl oyed 
t o  
Sync O r b i t  Round T r i p  

Ret r i e ved 

Tank Capacity 

402 

6 

11 

Ad van ced 
Space 
Engine 

6: 1 

47 0 

15 Klbf  

Cry0 

ML1 

Advanced 
Fue 1 
Ce l l  s 

9350 Lb 
6060 Lb 
3660 Lb 

55.9 Klb 

403 

6 

I1 

Aerospi ke 

5: 1 

46 8 

15 Klbf  

Cry0 

ML 1 

Advanced 
Fue 1 
Ce l l s  

8990 Lb 
5820 Lb 
3520 Lb 

55.8 Klb 

8 



L Another assumption t h a t  was made i n  the study was t h a t  the Tug system 

serv ice  l i f e  requirement w i l l  al low 20 six-day missions t o  be accomno- 

dated w i t h i n  an optimum turnaround per iod  and w i t h  an o v e r a l l  re1 i abi li ty  

o f  0.97 per  mission. 

for  manual o r  automatic replacement o f  f au l t y  component p r i o r  t o  launch. 

-24- A . .  -.,. 

---a” .. . 

Ma in ta inab i l i t y  design considerat ions w i l l  a l low 

The study rea l i zed  t h a t  a more speci f ic ,  complete and de ta i l ed  descr ip-  

t i o n  o f  the Tug conf igura t ion  was no t  ava i l ab le  a t  the  ou tse t  o f  the  

study. 

t i o n a l  and serv ice l i f e  charac ter is t i cs .  

rely on experience gained i n  previous studies, cur ren t  designs and opera- 

t i o n a l  experience ( i n c l u d i n g  Skylab and Saturn/Apollo) t o  together w i th  

judgment def ine cha rac te r i s t i cs  and spec i f i cs  of importance b u t  n o t  

ava i l ab le  t o  the study team. These re l iances  included forecasts  i n  the  

form o f  general ized scenarios on how the  Tug, w i t h i n  the t o t a l  context  of 

the operat ional  Shuttle/Tug/payload complex,might be used. 

I n  pa r t i cu la r ,  data was lack ing on i n d i v i d u a l  components opera- 

It was necessary there fore  t o  

L 

A t  t h i s  p o i n t  i n  the  study i t  was r e a l i z e d  t h a t  the  Tug system would be 

subjected t o  stresses and envi ronments above and beyond those encountered 

dur ing the Tug mission segment o f  i t s  serv ice experience. 

estimates were made i n  order  t o  define the  per iods o f  h igh s t ress t o  be 

serviced t h a t  would r e s u l t  i n  design decis ions and component se lec t ion .  

The r e s u l t  o f  these assessments turned up the  conclusion t h a t  ground 

handling, launch preparat ion,  shu t t l e  powered f l i g h t  and recovery opera- 

Forecasts and 

t i ons  presented more severe thermal, acoust ica l  , v ib ra t i on ,  shock and 



L. acce lera t ion  envi wnments than the Tug powered and unpowered f l i g h t  en- 

vironments. Further discussion o f  these aspects o f  t he  study w i l l  f o l low.  

The study examined several factors  which can and do l i m i t  mission s tay 

t ime. These fac to rs  can conveniently be d iv ided i n t o  two classes: 

.uses and losses o f  _agonsumables and (2 )  equi pment serv ice  1 i f e  1 im i ta t i ons .  

The consumables under study include primary p rope l l an t  ox id izers  and fue ls ,  

pressurants , a t t i t u d e  cont ro l  engine propel lants ,  f u e l  c e l l  reactants and 

(1 )  

*-..=+e. ?i.l”-<,- ” . . - -  

o ther  expendables. The n u h e r  o f  cases which requ i re  study i s  consider- 

ab ly  s imp l i f i ed  by consider ing the 402/403 c lass Tug which use the  same 

fuel and ox id i ze r  fo r  a l l  sources o f  p ropu ls ive  and e l e c t r i c a l  power. 

Here the only  losses t h a t  would be s i g n i f i c a n t  are b o i l o f f  vent ing o f  the  

main tanks due t o  p rope l l an t  heating. 

and f l u i d  components can be considered t o  be neg l i g ib le .  This assumption 

j u s t i f i a b l y  i s  made contemplating t h a t  sa fe ty  considerat ions w i l l  d i c t a t e  

Leaks i n  o ther  I Y  tanks, feed l i n e s  
-=_I. - 

L 

t h a t  a l l  l i n e s  and valves containing prope l lan ts  w i l l  be as leak f ree  as 

poss ib le  using such - techniques as welding and b r a z j w s  opposed t o  made 

up f i t t i n g s  and j o i n t s .  
--. 

When these assumptions are made, the  study analy- 

ses then can be d i rec ted  t o  propel lants  requi red f o r  maneuvers and a t t i t u d e  

cont ro l  dur ing  the  mission and b o i l o f f  losses t h a t  occur w i t h  t ime. 

As for  equipment serv ice l i f e  l im i ta t i ons ,  i n d i v i d u a l  components which a re  

subject  t o  wearout, -- f a t i gue  . -...--- and degradation w i t h  operat ing ,--- t ime s-v. were 

ca tegor i ca l l y  examined. 

f l i g h t  mission t ime l i ne  assumed tha t  a l l  mechanical conponents w i t h  the  

---- 
The study a f t e r  a perusal o f  a pro jected ground/ 



L 

exception of the  engines and thrusters,  would be stresse,d-a LAwer.-.l evel s 

dur ing  the  Tug mission th.a!~Aw.nc~ the  ground and Shu t t l e  por t ions  o f  

the f l i g h t .  For example, dur ing  Shut t le  boost and en t r y  accelerat ion 

1 evel s exceeding 3 g ' s  are encountered. 

--. 

-__. - . ___._.- -1 --..--*-- - - -  
/-- " 

Therefore, f o r  these components 

fa t igue fa i l u res  induced by v ib ra t i on  and shock would no t  be expected 

s ince design l i m i t s  would be establ ished by the  ground and Shu t t l e  

envi ronments. 

F l u i d  handl ing items such as valves and actuators  comprise a c lass o f  

components where serv ice ,1 i fe i s  i n  q e n e r L c j c l e  r a t h e r  than I ..I operat ing 

t i m e  l i m i t e d .  Therefore, i n  order t o  es tab l i sh  a h igh degree o f  conf i -  

dence as t o  serv ice  l i m i t s ,  these components a re  subjected t o  extensive 

l i f e  t e s t i n g  procedures dur ing hardware development, product ion sampling, 

and quajif_&tinn tests .  

-c--------"' 

~- -----.--I---*-_.-. -~~ -__ 

Operat ional  fac to rs  favor  designs where f l u i d  components which do n o t  re- 

qu i  r e  f requent rep1 acemen t o r  servi  c i  ng . Extensive tes t ing ,  checkout I_ and 

inspec t ion  are procedures requi red t o  recertify a veh ic le  f o r  f l i g h t  

hav ing  experienced rework o f  a f a u l t y  valve, l i n e  o r  " -  tank. 

be favorable where these items would demonstrate a serv ice l i f e  i n  excess 

- 
A design would 

. _  I_ -- 

o f  t he  - -  system serv ice  l i f e  requirements o f  an i n d i v i d u a l  Tug. 

examination o f  a t y p i c a l  extended mission ( f o r  example a 30-day synchronous 

Fur ther  
_ .  

o r b i t  serv ice mission) compared t o  t h e  six-day "alpha" mission i nd i ca tes  

a modest (202 increase) f rac t i on  o f  add i t i ona l  cycles requi red o f  the 

f l u i d  items. 
1 
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As for  the electr ical  power generation and conditioning components 

concerned, the limiting factors for the 402 and 403 configuration will 

be the avai labi l i ty  of aX/GH2 t o  provide the reactants for the fuel 

ce l l s .  

as i ne r t  substance b u i l d  . up *. a t  . _... t h e  " - electrodes. ,* 

able t o  remove these contaminants by a simple purging operation. 

involves the venting of the low pressure side of the cell  allowing an 

excess of gas t o  sweep foreign substances clear of  the cell  withaut the 

Fuel ce l l s  do experience a slow degradation w i t h  operating time 

I t  i s  possible and desir- 
!a_&... _.l_-_l_-- "e. I' 

This 

--" - .~  - 

process the cel l  i s  re- 

the purge gases. T h i s  

ons. P u r g i n g ~ i l l  occur 

stored t o  

procedure 

several t 

interruption of power being generated. In the 

a fresh s ta te  a t  only the expense of 

will not be unique t o  mission extens 

mes during a normal 6-day mission. 
-*---I-- ..'. v-,",- ._Y_ _ _  " ,~~ .--"m.2---- 

L Information from fuel cell  suppliers indicates that  there i s  no notice- 

able deterioration over 5,000 hours of operation, other t h a n  w h a t  i s  

caused by b u i l d u p  o f  iner ts  prior t o  the p u r g i n g  described above. The 

study concludes t h a t  no service limitations o r  thresholds w i  11 be encoun- 

tered d u r i n g  extensions other t h a n  the ava i  1 abil i ty  of reactants. 

The el ec t rmi  c, electromechanical and electro-optical components perhaps 

deserve scrutiny. 

individual piece parts a l l  of w h i c h  need t o  func t ion  together. 

i n d i  v i  dual f a i  1 ures can be to1  erated when redundant elements are included 

i n  the design. 

be solid s t a t e  devices, the character of which i s  t o  remain func t iona l  S O  

I---.IuI.-w *.. * 

I n  these systems there are a much larger number of 

Some 

I t  can be expected tha t  most of the active elements wi l l  



, long as the environment s u i t a b l e  for r e l i a b l e  operat ion i s  maintained. 

Mission extension i n  the  f i r s t  analysis w i l l  n o t  adversely a l t e r  t h i s  

favored envi ronment. 

One of the major causes o f  av ion ic  e l e c t r o n i c  fa i l u res  i s  thermal cyc l ing .  

+ Since the  -1,- Tu&_be-jng designed t o  accompliSh.29 rt&-sions, a s tab le  thermal 

cont ro l  system already appears t o  be a requirement, and there fore  the ef- 

fect  o f  an extended mission should be minimized f r o m  the standpoint .  The 

quest ion o f  t he  benef i t s  from powered down operat ion cannot be f u l l y  eval-  

uated 1 acki  ng d i sc re te  de ta i  1 s on the thermal and e l  e c t r i  cal  envi ronments . 
However, p lac ing  equipment i n  a standby mode may prove a t t r a c t i v e  from a 

r e l i a b i l i t y  standpoint. 

Avionics components subject  t o  wearout and fa t igue inc lude  a l l  r o t a r y  de- 

v ices such as gYroScOpeS, gimbals, d r i v e  motors, t o  mention a few. These 
L 

devices, s i m i l a r  t o  f l u i d  components, can be subjected t o  extensive l i f e  

t e s t i n g  i n  order  t o  determine serv ice l i f e  l i m i t s .  I t  has been observed 

i n  p r i o r  sa te l  1 i t e  programs t h a t  the o r b i t a l  nu l  1-gravi t y  environment i s  

fa r  less severe than the t e r r e s t r i a l  environment experienced dur ing ground 

t e s t i n g  and checkout from the  standpoint  o f  shock and v i b r a t i o n  as we l l  as 

g r a v i t y  induced loads. 

t e s t  data w i l l  be ava i lab le  t o  determine what r o t a t i n g  components would 

no t  be l i k e l y  t o  surv ive  an On the  o the r  

hand i f  such components were t o  ex i s t  then they would be sub jec t  t o  rework, 

replacement and se rv i c ing  a f t e r  and p r i o r  t o  each mission. 

Therefore, i t  can be sa fe l y  assumed t h a t  adequate 

increase i n  o r b i t  s tay t i m e .  

These components 



would be the weakest l i n k  i n  the  chain so t o  speak and i f  there serv ice  \- 

l i f e  could be subs tan t i a l l y  extended by appropr iate design changes, 

those changes would be h i g h l y  desirable. 

the  study concludes t h a t  the  service l i f e  o f  ro ta ry  components w i l l  be 

adequate f o r  extended missions . 

Along t h i s  l i n e  o f  thought, 

Another c lass of av ion ic  components subject  t o  wearout i s  th-e-rmiknic 

devices such as t ravel l ing.b lave tubes, f l ash  tubes, magnatrons, k lys t rons  

and s i m i l a r  vacuum tube type devices. ,- A " ,  . However, i t  must be remembered 

t h a t  the  s ta te -o f - the-ar t  i s  con t inua l l y  advancing as newly developed 

techniques emerge where thermionic devices are replaced by s o l i d  s ta te  

components o f  comparable o r  vas t l y  super ior  performance, i nc lud ing  sub- 

s t a n t i a l  increases i n  l i f e t i m e  due t o  lower power d i s s i p a t i o n  and operat- 

.*- 

L i ng temperatures. Opt i  ca l  components such as m i  r ro rs ,  prisms , lenses, 

g ra t t i ng ,  and f i l t e r s  are passive devices and as such not  subject  t o  

f a t i g u e  f a i l u r e s .  

t he  c r i t i c a l  surfaces become contarninaked_whec,exEed t o  the  environment 

However, some - degradation w i th  time i s  experienced as 

surrounding the o r b i t i n g  _ _ _  --I vebbicle. However, t ime dependent e f f e c t s  o f  
1 I" - 

e f f luen t  impingement on the  degradation o f  o p t i c a l  surfaces and compon- 

ents f o r  the purpose o f  t h i s  analysis are d i f f i c u l t  quant i f y ing .  

l i m i t e d  data and experience i s  ava i lab le from p r i o r  manned and unmanned 

Some 

spacecraf t .  

A synopsis o f  t he  general approach t h a t  the  study appl ied t o  assessment o f  

mission extensions from an equipment func t ion ing  p o i n t  can be a r t i cu la ted .  



- U n t i l  the  design has advanced t o  the p o i n t  where numerical data i s  ava i l -  
.-IUIYIII-.".-a,',"I *. 

able o r  f a i l u r e  threshplds fo r  wearout-and fa t i gue  components ~. i t  - .  i s  ~ suf-  

f i c i e n t  t o  assume t h a t  the exhaustion of consumables i s  the  f i rs t> . fh res-  

ho ld  t o  be experienced., When l i f e  t e s t  data becomes avai lab le,  h igher 

order  assessments o f  i nd i v idua l  wear items can be ascertained. 

~ . . -  <.'- 1 -- 

*.___ --- - - ' - - I +  

The technica l  t h r u s t  o f  the  study proceeded along two p r i n c i p a l  l i n e s  of 

analysis.  $?I e f i r s t  consisted o f  considerations o f  the  veh ic le  f l i g h t  

cha rac te r i s t i cs  and o r b i t a l  mechanics i n  terms o f  p rope l lan ts  requi red 

f o r  such functions as rendezvous maneuvers , stat ionkeeping and cont ro l  

funct ions as mission t ime progressed. e second technica l  f a c t o r  assessed 

was t h a t  of p rope l l an t  heat ing i n  terms o f  cryogenic losses as a func t ion  

o f  mission time. I n  t h i s  assessment op t iona l  values i n  terms o f  mu l t i -  

L layer  i n s u l a t i o n  weight were computed f o r  various mission periods. Be- 

cause p rope l l an t  weight consumed o r  l o s t  and mission t ime were c o m n  

factors t o  each analys is  area, the two r e s u l t s  could be compared along 

common grounds. What these analyses show are t h a t  the  r a t e  o f  consumption 

o f  p rope l lan t  f o r  extended missions i s  small i n  the  context  o f  the  overa l l  

Tug mass budget. 

more s p e c i f i c  .jgal~&~-was made- o f  the requirements f o r  meteoEid-,pro- 
< 9 -. 

. ..l*-Ml-n 

t ec t i on .  % I n  t h i s  area i t  was observed from the  r e s u l t s  o f  the  study 

tha t  adequate p ro tec t i on  can be expected f o r  s tay t ime extension. 

conclusion i s  reached when comparing the  modest requirements f o r  meteoroid 

p ro tec t ion  t o  the much la rge r  requirements fo r  thermal considerat ions.  

This 
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Fur ther  l i m i t e d  --Iy--.l assessments "I. I were made . "  i n  the  e lect r ic&l  pOwer and systems 
\- 18 

r e l i & . j . l i t y  areas. The data, f r o m  these as w e l l  as the  o the r  i nd i v idua l  

analyses, are found i n  the  fol lowing sect ion.  

A t  the ou tse t  o f  the study a t ten t ion  was given t o  the  poss ib le  advantages 

o f  us ing s lush o r  t r i p l e - p o i n t  hydrogen, i n  place o f  the  cryogenic l i q u i d ,  

t o  mission extensions. The e f f o r t  was of r a t h e r  l i m i t e d  scope and drew 

upon p r i o r  experience t o  a la rge  degree. Slush hydrogen ,.~.-._- . - i>.Awo-fuv~onsiderable 7 ,  

- i n t e r e s t  -- as a p rope l l an t  when tank volumetr ic l i m i t a t i o n s  are encountered 

because o f  i t s  h igh densi ty  and heat capaci ty  over the  l i q u i d .  

cha rac te r i s t i cs  al low conbinations o f  lower tank weight and size,  longer 

These 
.- ~ "- --  --. I 

L 

storage i n  space and the p o s s i b i l i t y  f o r  lower i n s u l a t i o n  weight. 

s e t t i n g  disadvantages inc lude ground handl ing compl icat ions i n  making 

slush out  o f  the  saturated l i qu id ,  t u g  changes t o  inc lude baff les and 

O f f -  

screens as we l l  as ag i ta to rs  and s t i r r i n g  devices t o  prevent c logging 

and promote flow o f  f ue l  t o  the engine. Appendix A contains in format ion 

on the cha rac te r i s t i cs  o f  s lush  hydrogen. _______I---_...uI--.~.̂  Calcu lat ions reveal  t h a t  I. -- - a 

50% slush mixture w i l l  sus ta in  an o r b i t a l  stay per iod  o f  over 60  days 

dura t ion  w i thout  appreciable l o s s  o f  hydrogen due t o  b o i l o f f .  
. I  

.- . 
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3. TECHNICAL ANALYSIS AND. RESULTS 

Possible extended missions were summarized i n  Table 2-1. Also 

inc luded i n  t h i s  tab le  are estimates of  v e l o c i t y  requirements and pity- 

load  weights, assuming both roundt r ip  and deployment missions. These 

missions were used t o  examine impacts on p rope l l an t  consumed, system 

operat ion and re1 i a b i l  i ty forecasts fo r  extended stays.  

3.1 FLIGHT MECHANICS AND ORBITAL DYNAMICS CONSIDERATIONS 

L 

A ser ies  o f  ana ly t i c  ef fects were attempted i n  order t o  examine and 

assess the impact o f  mission extensions on tug  energy requirements. 

t h i s  sect ion,  the r e s u l t s  of f i xed  analyses are present along two general 

1 i nes . The geosynchronous missions where several sate1 1 i tes  are t o  be 

v i s i t e d ,  a r e  examined i n  order to  determine the  energy requirement for 

o r b i t a l  manuevers. The l o i t e r  missions on the other  hand are examined 

from the standpoint  o f  stat ionkeeping and a t t i  tude ho ld  energy requirements. 

The luna r  and l i b r a t i o n  po in t  missions are t rea ted  l a s t l y  i n  more general 

te rms .  

I n  

Equatori  a1 Synchronous O r b i t  Missions 

A r b i t r a r y  Longitude Transfers 

Figures34 through33 form a package which al lows the user t o  evaluate 

A V and prope l lan t  requirements as a func t ion  o f  t ime f o r  an a r b i t r a r y  

The t rans fe r  longi tude t ransfer  i n  equator ia l  synchronous o r b i t  (ESO) . 
i s  performed by: 

L 
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(1 ) Applying an impulse ( AV1) t o  go i n t o  a phasing o r b i t  

(2 )  Coasting i n  the phasing o r b i t  f o r  an i n tege r  number o f  

revol  u t ions (N) 

( 3 )  Applying an impulse (AV,) equal and opposi te t o  A v l  t o  

go back t o  EOS 

For t rans fers  where the desired change i n  longi tude i s  p o s i t i v e  the  

phasing o r b i t  w i l l  have a perigee less  than synchronous a l t i t u d e ,  w i t h  

a shor te r  per iod.  For negative t ransfers,  the phasing o r b i t  a l t i t u d e  

w i  1 1 be h igher  than synchronous a1 ti tude w i  t h  a correspondi ng 1 onger 

per iod.  

i s  presented as a func t ion  of d e l t a  long i tude with the  number o f  revo lu -  

t i o n s  i n  the phasing o r b i t  parameterized f rom 1 t o  15. 

number o f  revo lu t ions  i n  the phasing o r b i t ,  the  t o t a l  t r a n s f e r  time, 

which i s  j u s t  "N" m u l t i p l i e d  by the  per iod  of the phasing o r b i t ,  

decreases w i  t h  increas ing del t a  1 ongi tude. 

This e f f e c t  can be seen i n  Figure31 where t o t a l  t rans fe r  t ime 

For a given 

Knowing the t i m e  ava i lab le  f o r  the  t r a n s f e r  a value o f  "N" can be 

chosen from Figure 3-1. 

f rom Figure 3-2. 

requi red t o  go i n t o  and ou t  o f  the  phasing o r b i t  (AV1 + A V ~ ) .  

t h a t  i t  i s  s l i g h t l y  more e f f i c i e n t  t o  t rans fer  backward than forward. 

If the i n i t i a l  weight (W,) o f  the  Tug i s  known a t  the beginning o f  

the maneuver, Figure 3-3 w i l l  p rov ide a conversion from A V  t o  p rope l l an t  

consumed . 

Using t h a t  "N" a value o f  A V  can be obtained 

The AV p lo t ted  i n  F igure 3-2 i s  the  t o t a l  ve l 'oc i ty  

Note 
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Baseline ESO Service Mission 

Although Figures 3-1 through 3-3 are s u f f i c i e n t  t o  analyze a s ing le  

t rans fe r  i n  ESO, when mu l t i p le  t ransfers  are requi red dur ing the same 

mission add i t iona l  f ac to rs  come i n t o  considerat ion.  What i s  the most 

e f f i c i e n t  way t o  s p l i t  the  t o t a l  ava i l ab le  t ime between the  several 

t rans fers  which have t o  be performed? The number o f  poss ib le  ways 

t o  s p l i t  the t o t a l  t ime between the  t rans fers  goes up r a p i d l y  w i t h  

both the  number o f  t ransfers  and the t o t a l  t ime ava i lab le .  It remains 

f i n i t e ,  however, s ince there i s  always an in teger  number o f  revo lu t ions  

i n  each phasing o r b i t .  This fac t  a l lows the problem t o  be reformulated. 

Given a t o t a l  number o f  revo lu t ions  i n  phasing o r b i t ,  what i s  the best  

way t o  s p l i t  them between the  several t ransfers .  A small program has 

been w r i t t e n  which performs a hunt on the  poss ib le  phasing o r b i t  s p l i t s  

and f i nds  the one which minimizes the t o t a l  AV required. 

This program was used t o  analyze the basel ine ESO serv ice mission. 

The mission invo lves serv ic ing fou r  s a t e l l i t e s  i n  ESO which are a t  

1 ongi tudes 250°, 285"- 75" , and 11 5°F respect i  ve ly  . Thus three 

t rans fers  o f  35" , 150", and 40" are required. 

the e f f e c t s  o f  t i m e  avai lab le on the mission p r o f i l e .  

presented i n  t h i s  tab le  r e f e r  t o  actual  times spent i n  phasing o r b i t  

and do no t  inc lude s tay times a t  the s a t e l l i t e s ,  e tc .  

o f  less  than 56.84 hours i t  i s  n o t  poss ib le  t o  perform the mission 

w i t h  the phasing o r b i t  approach. 

revo lu t i on  i n  phasing o r b i t  f o r  each t ransfer .  

each block i n  Table 3-1 presents the data pe r t i nen t  t o  the  t o t a l  

e f f e c t  of a l l  three t ransfers .  

Table 3-1 presents 

The times 

For a time 

It takes 56.84 hours t o  do one 

T h e ' f i r s t  l i n e  i n  

The remaining th ree  l i n e s  i n  each 
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block g ive  a breakdown f o r  each o f  the  three t rans fers  respec t ive ly .  

The data presented inc lude t ransfer  angle, number o f  revo lu t ions  i n  

phasing o r b i t ,  AV,  prope l lan t  consumed, and t ime required. 

add i t i on  the per iod and perigee a l t i t u d e  are given f o r  each o f  the  

th ree  phasing o r b i t s  . 

In 

I n  the f i r s t  block where the  t o t a l  number o f  phasing o r b i t  

revo lu t ions  i s  3, i t  i s  uniquely determined t h a t  one w i l l  have t o  be 

assigned t o  each o f  the  three t rans fers .  

the  t o t a l  nunber o f  phasing o r b i t  revo lu t ions  i s  4, the  poss ib le  

s p l i t s  inc lude (2,1,1), (l,2,1), and (1,1,2). The (l,2,1) s p l i t  has 

been found t o  r e s u l t  i n  the  minimum t o t a l  AV and the data presented 

i n  the second b lock r e f l e c t s  t h a t  s p l i t .  

I n  the second block where 

The tab le  could be used i n  t h e  f o l l ow ing  way. 

hours ava i lab le  f o r  the  t o t a l  o f  a l l  th ree  t rans fers .  Then one would 

f ind  the block w i t h  a t ime avai lab le of 344.06-367.99 hours. The t o t a l  

number o f  revo lu t ions  i n  phasing o r b i t  would be 15 with a s p l i t  o f  

(4,7,4). The actual  t ime used would on ly  be 344.06 hours. The ex t ra  

6 hours would no t  be enough t o  a l l ow  for  an add i t i ona l  revo lu t i on  i n  

phasing o r b i t  and thus would no t  be used. 

Suppose there are 350 

L o i t e r  Missions 

As p a r t  o f  the study e f f o r t ,  p re l im inary  analys is  o f  the  e f fec ts  of 

" l o i t e r i n g "  i n  c i r c u l a r  parking o r b i t s  from 160 t o  1000 n.mi . i n  

a1 t i  tude was performed. This ana lys is  addressed i t s e l f  p r i m a r i l y  

t o  determining the e f f e c t  o f  o r b i t  a l t i t u d e  on A u x i l i a r y  Propuls ion 

System (APS) p rope l l an t  consumption. The e f f e c t  of b o i l o f f  was no t  
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i n i t i a l l y  considered b u t  was brought i n t o  account as the  work 

progressed. 

simp1 i f y i n g  assumptions. These assunptions are noted on the 

data and the f igures  described. 

As a f i r s t  cu t  t h i s  analys is  made a number o f  

Figure 3-4 presents the  e f f e c t  of  o r b i t  a l t i t u d e  on vehic le  drag. 

I n  the absence o f  aerodynamic data on the Tug, drag coe f f i c i en ts  

generated f o r  the undeployed Skylab were used w i t h  appropr iate 

adjustment o f  reference area. An angle of a t tack  o f  5" i n  both the 

p i t c h  and yaw planes was assuned. Not ice there are three curves 

labeled "BEST SUN," "MEAN SUN," and IIWORST SUN." Drag i s  propor- 

t i o n a l  t o  the atmospheric densi ty which i s  i n  t u r n  af fected and 

in f luenced by sunspot a c t i v i t y .  

esimtates vary over an 11.1 year cyc le  w i t h  a wide d ispers ion 

around the mean. "BEST SUN" r e f l e c t s  -20- estimates of s o l a r  

a c t i v i t y  a t  the l e a s t  ac t i ve  p o i n t  i n  the  11.1 year  cycle.  

SUN" r e f l e c t s  the pro jected average so la r  a c t i v i t y  over the e n t i r e  

cyc le .  

most a c t i v e  po in t  i n  the so lar  cyc le .  

Sunspot a c t i v i t y  p ro jec t ions  and 

"MEAN 

"WORST SUN" r e f l e c t s  +2c estimates o f  s o l a r  a c t i v i t y  a t  the 

The estimated prope l lan t  consumption r a t e  i n  order  t o  keep the 

l o i t e r  o r b i t  from decaying i s  presented i n  Figure 3-5. 

drag, t h i s  data r e f l e c t s  the e f f e c t s  o f  s o l a r  a c t i v i t y .  

t h a t  the d i f f e rence  between "MEAN SUN" and "WORST SUN" i s  much 

greater  than the  d i f f e rence  between "MEAN SUN" and "BEST SUN." 

The f a c t  t h a t  the average so lar  a c t i v i t y  i s  much c loser  t o  the  

minimum than t o  the  maximun w i l l  be seen repeatedly throughout the  

As w i t h  

Not ice 
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data presented i n  t h i s  analysis. A t  the  160 n.mi. worst case 

a1 ti tude o r b i t  keeping on ly  cost 5 lbm/day. Propel lant  

consumption q u i c k l y  drops t o  less than 1 lbm/day for "WORST SUN" 

condi t ions above 210 n.mi . 

The drag and o r b i t  keeping propel 1 an t  prev ious ly  discussed were 

unaffected by vehic le  mass character is t ics .  Most o ther  parameters 

o f  i n t e r e s t  are af fected.  Therefore, some assumptions have t o  be 

made concerning prope l lan t  remaining i n  the tanks and payload 

weight car r ied .  

missions three speci f i c  cases were analyzed. 

I n  order t o  define the range of poss ib le  l o i t e r  

(1 )  Pre-Mission L o i t e r  - The Tug l o i t e r s  wi thout  a payload 

and w i t h  f u l l  tanks (except f o r  the prope l lan t  used t o  

ge t  from 160 n.mi. t o  t h e  l o i t e r  a l t i t u d e ) .  

( 2 )  Payload Attendance L o i t e r  - Same as pre-mission l o i t e r  

b u t  assumes 5000 lbm payload. 

( 3 )  Post-Mission L o i t e r  - The Tug l o i t e r s  w i t h  3000 lbm pay- 

load w i t h  on ly  enough propel l a n t  l e f t  t o  go from l o i  t e r  

o r b i t  t o  160 n.mi . 

Figures 3-6 through 3-8 now present the expected o r b i t a l  a1 ti tude 

decay times t o  100 n.mi. f o r  the three mission types analyzed 

assuming o r b i t  keeping was not attempted. The pre-mission l o i t e r  

and payload attendance l o i t e r  decay times are very close. They 

both take about 80 days t o  reach 100 n.mi. s t a r t i n g  a t  160 n.mi. 

f o r  I'WORST SUN.l8 However, f o r  the post-mission l o i t e r ,  t h e  decay 

problem can be much more severe. The expected "WORST SUN" decay 
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t ime i s  reduced t o  10 days. 

decay problems can be minimized by a s l i g h t  increase i n  l o i t e r  

a l t i t u d e .  

post-mission l o i t e r  s ince the Tug w i l l  probably be coming back 

from higher o r b i t  mission anyway. 

It should be noted t h a t  i n  any case 

This would be a p a r t i c u l a r l y  f eas ib le  approach f o r  

Figures 3-9 through 3-11 present the o r b i t  a l t i t u d e  e f f e c t  on 

external  torque forces f o r  the three mission types. The g r a v i t y  

gradient  torque p l o t t e d  i s  i n  the  p i t c h  plane. The e f f e c t  i n  yaw 

and r o l l  i s  assumed t o  be i n s i g n i f i c a n t l y  smal l .  The aerodynamic 

torque i s  not  a func t ion  o f  mass cha rac te r i s t i cs  and therefore 

appears the same on a l l  three f igures.  The g r a v i t y  gradient  torque, 

however, i s  propor t tonal  t o  the d i f f e rence  between p i t c h  and r o l l  

moments o f  i n e r t i a .  The 5000 lbrn payload for the payload attendance 

l o i t e r  increases the  p i t c h  moment o f  i n e r t i a  and therefore r e s u l t s  

i n  an increased g r a v i t y  gradient torque fo r  t h i s  mission over the 

others.  

i s  i n  f a c t  the torque i n  both the p i t c h  and yaw planes, s ince the 

angle o f  a t tack  i n  both planes i s  assumed t o  be 5". Note t h a t  the  

aerodynamic torque fa1 1s o f f  very r a p i d l y  w i t h  increas ing a1 t i  tude 

by almost an order  o f  magnitude w i t h  j u s t  a 100 n.mi. a l t i t u d e  

increase. 

increasing a l t i t u d e .  A t  1000 n.mi. f o r  the  three missions i t  i s  

never less than 50 percent o f  i t s  value a t  160 n.mi. 

The aerodynamic torque p l o t t e d  i n  Figures 3-9 through 3-11 

G r a v i t y  gradient  torque i s  much less  sens i t i ve  t o  
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Figures 3-12 through 3-14 present p rope l l an t  consumption ra tes  for  

the  p i t c h ,  yaw, and r o l l  axes con t ro l  as func t ion  o f  a l t i t u d e  fo r  

the  three mission types. Roll con t ro l  was assumed t o  be achieved 

by a two-sided unperturbed l i m i t  cyc le  w i t h  a deadband o f  5" and a 

minimum t h r u s t  pulse w id th  of 30 ms. 

be 25 l b f  w i t h  a separat ion distance o f  15 feet. Control i n  the 

p i t c h  plane and i n  the yaw plane was achieved w i t h  a perturbed one- 

s ided l i m i t  cyc le  w i t h  a deadband o f  5'. P i t c h  and yaw th rus te rs  

were assumed t o  be 100 l b f  w i th  a separat ion distance of 15 f e e t .  

Under these assumptions the required p rope l l an t  f o r  p i t c h  and yaw 

cont ro l  are d i r e c t l y  port ioned t o  the external  torque. The back- 

ward "S" shape o f  the p l o t s  for p i t c h  con t ro l  f lowra te  can be 

accounted f o r  by summing the  aerodynamic and g r a v i t y  gradient  torques 

i n  the  p i t c h  plane. The yaw con t ro l  f lowra te  i s  no t  a f fec ted  by 

g r a v i t y  gradient  torque and thus assumes the shape o f  the aerodynamic 

torque on ly .  

Ro l l  th rus ters  were assumed t o  

The d i f fe rences  i n  r o l l  control  p rope l l an t  ra tes  f o r  the three l o i t e r  

mission types r e f l e c t  differences i n  the  values f o r  r o l l  moment o f  

i n e r t i  a .  The increased p i t c h  con t ro l  f l owra te  f o r  the payload 

attendance mission r e f l e c t s  the increased g r a v i t y  g rad ien t  torque 

prev ious ly  noted. 

appears above about 400 n .mi. because the aerodynamic torque 

becomes vanish ing ly  small compared t o  the  g r a v i t y  gradient  torque. 

The ever decreasing yaw control  f lowra te  as a func t ion  o f  increas ing 

a l t i t u d e  i s  somewhat misleading because a t  some p o i n t  the external  

torque w i l l  become low enought t h a t  con t ro l  w i l l  have t o  swi tch from 

The effect of  the sun on the  p i t c h  f lowra te  d i s -  
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the  one-sided l i m i t  cyc le  t o  a two-sided perturbed l i m i t  cyc le  a t  

which p o i n t  the p rope l l an t  usage w i l l  go up by an order o f  magnitude 

o r  more. Consideration o f  t h i s  ef fect  w i l l  have t o  await  a more 

i n-depth study . 

Figures 3-15 through 3-17 present the  sum o f  a l l  the  a t t i t u d e  

cont ro l  and o r b i t  keeping prope l lan t  consumption r a t e s  as a 

func t ion  o f  a l t i t u d e  f o r  the three mission types respec t ive ly .  

The most notable t h i n g  about these th ree  f i gu res  i s  t h a t  the 

mission type has very l i t t l e  e f f e c t  on t o t a l  p rope l l an t  consumption 

ra te .  

depending on a1 ti tude, so la r  a c t i v i t y ,  e tc .  For l o i t e r  o r b i t s  above 

400 n.mi. atmospheric e f fects  are minimal and non-boi loff  APS prope l l an t  

consumption ra tes  range from 2 t o  3 lbm/day. 

Non-boi loff  p rope l lan t  consumption var ies  from 2 t o  10 lbm/day 

Addi t i o n a l  Missions 

I n  a d d i t i n  t o  the  geosynchronous and the  l o i t e r  missions there  a r e  

a t  l e a s t  two o ther  mission types which o f f e r  d e f i n i t e  academic 

i n t e r e s t  and s c i e n t i f i c  promise f o r  an extended Tug, i .e., l una r  and 

l i b r a t i o n  p o i n t  missions. I n  add i t ion ,  technica l  app l i ca t ions  o f  

these 

It i s  

days 

missions could emerge as t ime progresses. 

est imated t h a t  most lunar missions w i l l  be from 14 t o  

n durat ion.  The 28,000 fps  v e l o c i t y  requirement prov 

s u f f i c i e n t  budget f o r  ea r th  o r b i t  t o  l una r  o r b i t  and back. 

des 

The 

Tug d e l i v e r y  c a p a b i l i t y  o f  4,000 t o  10,000 lbm, depending on how 

much weight i s  t o  be returned, opens up a wide range of  unmanned 

luna r  mission p o s s i b i l i t i e s ,  
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Deployment, replacement, or servicing of  1 unar orbiters would be 

an obvious possibil i ty.  

than one 1 unar orbi ter  on a single mission by optimizing payload 

versus orbi ta l  maneuvering propel 1 ant. Another possi bi 1 i ty a1 ong 

these l ines would be t o  use the Tug t o  correct long term changes in 

the orbi ts  of l u n a r  s a t e l l i t e s  caused by the disturbing influence 

o f  the ear th 's  gravitational f ie ld  and 1 unar mass concerntrations 

(mascons ) . 

I t  might even be possible to service more 

The lunar orb i t  payload capability of the Tug i s  quite sufficient 

to allow a lunar lander as a payload. The Tug capability to lunar 

orb i t  of 10,000 lbm would allow a landed weight of about 6,000 lbm. 

This should be adequate for  an unmanned lunar rover. Another lunar 

mission which would lend i t se l f  well to the extended duration Tug 

would be a soil-sample-return. 

carry i t s  own descent and ascent propulsion stages. 

on the lunar surface, the ascent stage would return to  orb i t  carrying 

a small sample of soil  and rendezvous w i t h  the waiting Tug.  

mission particularly su i t s  t h e  Tug since i t  will be returning in any 

case and the additional weight returned would be quite small compared 

t o  the weight of the Tug i tself .  

additional data points i n  the soil  sample survey begun by the Apollo 

Program a t  different  l a t i  tudes and longitudes. 

In th i s  mission the lander would 

After landing 

This 

This could provide much needed 

Missions t o  the Earth-Moon system libration points, L1 and LE also 

appear to be a t t rac t ive  possibil i t ies for the extended Tug. 

isolated two body system has i n  i t s  gravitational f i e ld  five points 

An 



where a s a t e l l i t e  placed w i t h  proper v e l o c i t y  w i l l  f l y  i n  formation 

w i t h  i t .  A t  these l i b r a t i o n  points ,  as they are  f requent ly  ca l led ,  

t he  cen t r i pe ta l  accelerat ion w i l l  exac t l y  balance g rav ia t i ona l  ones. 

O f  the  f i v e  po ints ,  two are o f  p a r t i c u l a r  i n t e r e s t ,  both o f  which l i e  

on the  Earth-Moon l i n e .  The f i r s t  po in t ,  L1, l i e s  between the  Earth 

and the  Moon, b u t  much c loser  t o  the  Moon; and second po in t ,  L2, l i e s  

on the f a r  s ide  o f  the Moon. 

o r b i t  around the 1 i bra t i on  po in t  L2 w i t h  the  plane o f  the  o r b i t  

perpendicular t o  the  Earth-Moon l i n e .  

as a "halo o r b i t . "  

w i l l  be j u s t  l a rge  enough for t he  s a t e l l i t e  t o  be cons tan t ly  v i s i b l e  

from Earth. Since such a s a t e l l i t e  w i l l  a lso  be v isab le  from the  

f a r  s ide  o f  the Moon, t h i s  s ing le  s a t e l l i t e  can provide a continuous 

comnunication l i n k  between Earth and the  l una r  f a r  s ide.  Some such 

communication l i n k  would be necessary f o r  any f a r  s ide  lander type 

missions. These concepts are v i sua l i zed  i n  Figure 3-18. 

It i s  poss ib le  t o  pu t  a s a t e l l i t e  i n  

Such an o r b i t  i s  re fe r red  t o  

I f  the  size of t he  o r b i t  i s  chosen c o r r e c t l y  i t  

The Tug i s  capable of deployment, replacement, o r  se rv i c ing  such 

"halo o r b i t "  s a t e l l i t e s .  

sationkeeping i n  the  ha lo  o r b i t  requ i res  approximately 500 fps per  

year .  

It might a lso  be used f o r  r e f u e l i n g  s ince 

The l i b e r a t i o n  p o i n t  L1 on t h e  near s ide  o f  t he  Moon a lso  has possi- 

b i l i t i e s  f o r  the  s t a t i o n i n g  o f  a comnunication s a t e l l i t e .  I n  combina- 

t i o n  w i t h  a s a t e l l i t e  i n  a s l i g h t l y  enlarged ha lo  o r b i t  around L2, 

i t coul d provide a poi nt-to-poi n t  communications network covering most 

of the l una r  surface. 
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As can be seen from Table 2-1, t he  Tug has a deployment c a p a b i l i t y  

t o  L1 i n  excess o f  14,000 lbm. This would a l low i t  t o  supply a 

permanent r e f u e l i n g  s t a t i o n  a t  L, . For h igher  l a t i t u d e  o r  longer  

stay-t ime lunar  missions, t rans fe r  v i a  rendezvous w i t h  L1 o f f e r s  

s i  gni f i can t advantages . 

Lunar and 1 i bra t i on  p o i n t  missions appear t o  be excel l e n t  possi b i  1 i t i e s  

f o r  an extended Tug. 

any more d i f f i c u l t  than the ESO and l o i t e r  missions present ly under 

consideration. Systems which would requ i re  specia l  considerat ion f o r  

these missions inc! ude communications equipment and guidance and 

nav iga t ion  sys tem w i t h  attendant software. 

I n  most respects such missions should not be 
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3 . 2  THERMAL EFFECTS 

An analysis of the thermal effects was performed t o  determine the 

feas ib i l i ty  of extending the space t u g  mission from the presently conceived 

s ix  days i n  o rb i t  to  longer periods of time. 

thermal equalibrum would have been reached in a fa r  shorter period and 

that  thermally conditioned components would be operating in the steady 

s t a t e .  

I V B  cyrogenic vehicle. Based on this assumption, the study could concen- 

t r a t e  i t s  effects  on the major thermal concern namely propellant heating. 

F i r s t ,  the analysis considered an extended geosynchronous orb i t  du r ing  

which the t u g  operated for up to thir ty  days; and second, considerations 

o f  a low earth orb i t  d u r i n g  which the t u g  loitered for up t o  six months. 

A detailed discussion of the thermal analysis i s  given i n  the following 

paragraphs. 

An assumption was made that  

T h i s  assumption was based upon prior experience with the Saturn 

The thermal analysis was basically conducted i n  three phases: 

( 1 )  The performance of the t u g  thermal insulation optimized for 

a s i x  day geosynchronous orb i t  for longer duration missions. 

( 2 )  The performance o f  the tug  thermal insulation optimized for 

longer periods of  time handled parametrically. 

( 3 )  The performance of an optional active thermal scheme which 

offers  the potential t o  drast ical ly  reduced propellant losses 

fo r  longer duration missions up t o  6 months. 

factor used tosevaluate the resul ts  of these three phases o f  

the analysis i s  weight of propellant l o s t  due to boiloff.  

The common 
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No considerations were given in the f i r s t  two phases to  use 

the boiloff for other purposes such as  a t t i tude  control 

propellants or  fuel cell  reactants. The t h i r d  phase did 

examine the use of the vented gaseous hydrogen to  aid in the 

cool i ng of the propel 1 ants. 

The optimized insulation design for the six day t u g  mission was evaluated 

for  the th i r ty  day geosynchronous o r b i t .  

of multilayer insulation (MLI) a t  100 layer pairs per inch for the liquid 

hydrogen tank and similarly 89 layers of MLI for the liquid oxygen t a n k .  

These figures for the number o f  layers was calculated by solving the heat 

t ransfer  differential  equations for heat losses through the MLI, optimizing 

the losses and MLI weights and assuming the following constants: 

This design consists of  65 layers 

Tank  Area (FT') 

LH2 - 800 

L O 2  - 425 
1 o R - l )  MLI Effective Conductivity (BTU HR-' FT' 

H2 T a n k  - 2.783 X 

O2 T a n k  - 3.503 X 

Heat Shorts (LE? DAY- ' )  

- 6.5 X 

- 8.14 X 

X MLI thickness 

X MLI thickness 

He T a n k  - 5 

O2 Tank  - 8 

Average Outside Bag Temp (OR) - 460 

The calculations assumed that  t h e  propellant in the tanks were complete 

mixed without s t ra t i f ica t ion .  

t o  derive optimum passive thermal protection for other mission periods. 

The same equations and constants were used 



Evaluat ion was made o f  the 6 day optimum MLI i n  order t o  determine the 

tug  performance made f o r  an extended per iod  i n  o r b i t  w i thou t  mod i f i ca t ions  

t o  the  i n s u l a t i o n  design. AS previously noted, the  LH2 and LO2 tanks were 

assumed t o  be continuously vented without s t r a t i f i c a t i o n  i n  the  tanks. It 

should be noted t h a t  the study o f  the s i x  day tug design consisted o f  the 

i n s u l a t i o n  performsnce i n  a quiescent s t a t e  assuming constant tank pressures 

and zero -g cond i t ions .  However, i t  was f e l t  t h a t  t he  thermal e f fec ts  would 

no t  d i f f e r  s i g n i f i c a n t l y  if intermi  t t a n t  periods of powered f l i g h t  were 

factored i n t o  the  analys is  o r  g rea t l y  modify the  r e s u l t s  obtained. 

The second phase o f  the  analysis consisted of thermal assessments of the 

t u g  i n  low ear th  l o i t e r i n g  o r b i t  f o r  extended periods up t o  s i x  months 

(180 days). Fol lowing the guide l ines used i n  the  f i r s t  phase, the  

L i nsu l  a t i o n  requi rements f o r  the LH2 and 

several mission durations cons is t ing  of  

s i x t y  day, etc.,  up t o  s i x  months. For 

LO2 tank were optimized for  

a 10 day mission, a t h i r t y  day, 

each mission, an optimum insu la -  

t i o n  system was determined t o  provide the  minimum p rope l l an t  boil-off 

and i n s u l a t i o n  weight penal ty .  

The t h i r d  phase examined opt ions or design changes t o  minimize thermal 

e f fec ts  over longer  mission periods. 

consisted o f  MLI i nse r ted  between an ou ter  shroud and the tank w a l l .  As 

the mission dura t ion  increased, the amount of i n s u l a t i o n  was increased t o  

prevent excessive p rope l l an t  losses. 

design, i t  was f e l t  t h a t  the  added weight pena l ty  due t o  adding i n s u l a t i o n  

might become p r o h i b i t i v e  f o r  the  long dura t ion  missions. Therefore, i t  

The system design discussed above 

Even w i t h  the  optimun i n s u l a t i o n  



-- 

was f e l t  that  an alternate insulation scheme should be inyesti.gated which 

m i g h t  be somewhat more complicated b u t  provide enough of a weight sav ing  

to ju s t i fy  i t s  use. 

The design option chosen in  the t h i r d  phase of the analysis employing 

active cooling loops i s  shown schematically in Figure 3-19. I t  

consisted of using the hydrogen vent gases to absorb the thermal energy 

from the shroud. T h e  gases are passed through a heat exchanger consisting 

o f  tubes on an 0.005 aluminum shield which i s  inserted within the insula- 

tion blanket. 

thermal energy from the shroud, and i s  then passed to a similar heat 

exchanger (0.005 aluminum shield with flow tubes) which i s  embedded 

w i t h i n  the insulation blanket surrounding the LO2 t a n k .  

hydrogen w h i c h  enters the LO2 tank heat exchanger - MLI sandwich i s  

considerably below the boiling point o f  LO2 and when i t  ex i t s  i s  no t  much 

higher t h a n  the boiling p o i n t  o f  LO2. 

the sh eld and LO2 tank and the small temperature gradient between the LO2 

can be made t o  be very small. 

be neg ible  thereby conserving LO2. 

be allowed t o  increase s l ight ly  over long duration missions. 

The vented H2 flows over the LH2 t a n k ,  i s  heated by the 

The gaseous 

Because of the insulation between 

Consequently, the LO2 venting losses will 

I f  necessary, the LO2 pressure can 

I n  t h e  t h i r d  phase analysis three separate designs were considered. 

f i r s t  consisted of having a single aluminum flow shield within the LH2 

insulation b l a n k e t  and a single shield within the LO2 insulation blanket. 

The LH2 vent would enter the tubes on the aluminum shield on the LH2 tank 

a t  40"R and ex i t  a t  60"R. The vented hydrogen would then pass through 

The 
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the aluniinum s h i e l d  on the LO2 tank and e x i t  a t  170"R. 

t h a t  the vented hydrogen would leave the LH2 s h i e l d  a t  60"R might be 

somewhat conservative, so the second design approach was chosen s i m i l a r  

t o  the f i r s t  except the vented hydrogen was assuned t o  e x i t  the L H p  s h i e l d  

a t  90"R. The study assumed a th i rd  design modi f icat ion t o  aonsider a 

s i n g l e  s h i e l d  heat exchanger on the LH2 tank and a double s h i e l d  exchanger 

on the  LO2 tank. As before, t h e  vented hydrogen entered the LH2 s h i e l d  

a t  50°R and e x i t e d  a t  90"R. 

the s h i e l d  adjacent t o  the LO2 tank w a l l .  The vented hydrogen e x i t s  t h i s  

s h i e l d  a t  170"R and passes i n t o  the s h i e l d  adjacent t o  the shroud. The 

vented hydrogen then e x i t s  t h i s  sh ie ld  a t  350"R. 

The study assumed 

The vented hydrogen was then passed through 

The f i r s t  phase o f  the analysis,  which was an attempt t o  determine i f  the 

s i x  day tug design was sa t i s fac to ry  f o r  a 30 day extended geosynchronous 

o r b i t ,  i nd i ca tes  t h a t  a t o t a l  bo i l -o f f  of 1312.3 pounds i s  expected f o r  

a 30 day mission. 

613.8 pounds o f  LO2 b o i l - o f f .  

consists o f  167.1 pounds f o r  the LH2 tank and 114.1 pounds f o r  the LO2 

tank. This i s  shown i n  Figures 3-20. I n  contrast ,  an optimized 30 day 

M L I  system cons is t i ng  o f  145 layers of  MLI on the LH2 tank and 199 laye rs  

o f  MLI on the LO2 tank r e s u l t s  i n  a LH2 b o i l - o f f  o f  340 pounds o f  LH2 and 

352.4 pounds o f  LO2.  

tank and 352.4 pounds on the  LO2 tank. 

This consis ts  of 698.5 pounds o f  LH2 b o i l - o f f  and 

Also, the weight penal ty  f o r  the MLI 

The insu la t i on  weights are 327.5 pounds on the LH2 

This i s  shown i n  Figure 3-21 . 

For  the 180 day l o i t e r  mission which was analyzed i n  the second phase, 

an optimum i n s u l a t i o n  design f o r  a 180 day mission consisted o f  355 

layers o f  MLI on the LH2 tank and 486 layers on the L O p  tank. This 

design resu l ted  i n  a LH2 b o i l o f f  weight o f  1019.3 pounds o f  LH2 and 
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and 1368.4 pounds of LO2 f o r  a t o ta l  weight penal ty of 2387.7 pounds o f  

p rope l lan t .  The weight penal ty  for  the MLI consis ted of 747.5 pounds on 

the LH2 tank and 535.2 pounds on the LO2 tank. These r e s u l t s  are shown 

i n  Figures 3-22 and 3-23. 

p a i r s  corresponding t o  various mission durat ions.  I t  should be noted 

t h a t  Figures 3-22 and 3-23 are used t o  show opt imized designs for  any 

t ime p o i n t  on the graph. 

t i o n  weight f o r  a 90 day mission w i l l  no t  be optimum f o r  a 120 day 

mission. The 120 day weight penalty appl ies on ly  f o r  a 120 day mission. 

Also shown i n  Table 3-2 i s  number of MLI 

For example, the opt imized bo i l -o f f  and insu la -  

The r e s u l t s  o f  the t h i r d  phase analysis i s  shown i n  Figure 3-24. 

be noted t h a t  t h i s  design consisted o f  the heat exchangers around the  LH2 

and LO2 tank through which vented hydrogen i s  flowed. 

i f  a s ing le  s h i e l d  i s  on both tanks and the vented hydrogen i s  ex i ted  a t  

60"R, the LHz b o i l o f f  weight i s  860 pounds and the  LH2 MLI weight 660 

pounds, whereas, the LO2 MLI weighs 280 pounds. 

f o r  both tanks i s  90 pounds. The t o t a l  weight penal ty  f o r  t h i s  design 

i s  1890 pounds. For the same mission durat ion i f  the  vented hydrogen 

i s  e x i t e d  from the LH2 sh ie ld  a t  90"R, the weight o f  L H Z  b o i l - o f f  i s  720 

It should 

For a 180 day mission, 

._ 

The t o t a l  sh ie ld  weight 

pounds and the MLI weight on the  LH2 tank i s  580 pounds and the LO2 tank 

i n s u l a t i o n  weight i s  390 pounds. The s h i e l d  weight i s  the  same as fo r  

the 60"R e x i t  vented hydrogen case above, e.g. 

weight penal ty  f o r  t h i s  design i s  1780 pounds. 

a s i n g l e  s h i e l d  i s  used f o r  a 180 day mission on the  LHZ tank and a double 

s h i e l d  i s  used on the LO2 tank the weight o f  LH2 b o i l o f f  i s  720 pounds 

and the LH2 tank i n s u l a t i o n  weighs 580 pounds. The LO2 tank i n s u l a t i o n  

weight i s  120 pounds. The s h i e l d  weight f o r  t h i s  system i s  130 pounds. 

The t o t a l  weight penal ty for  t h i s  design i s  1550 pounds. 

90 pounds. The t o t a l  

For the cond i t i on  where 
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I f  the present s i x  day tug  design i s  used fo r  an extended 30 day 

geosynchronous mission, the weight penal ty i s  about 250 pounds compared 

t o  the optimized 30 day mission. Although t h i s  weight penal ty may be 

to le rab le ,  the optimized design probably would be more e f f i c i e n t  and 

economical f o r  m u l t i p l e  missions. Also, fo r  the 180 day l o i t e r  missions, 

using the LH2 vent t o  reduce the  LH2 b o i l o f f  and e l im ina te  LO2 vent ing 

r e s u l t s  i n  a minimum weight savings o f  1770 pounds and a maximum saving 

o f  approximately 2100 pounds over the  simple design cons is t i ng  o f  MLI 

on the LH2 and LO2 tank alone. 

a lso  prove more economical and e f f i c i e n t  f o r  m u l t i p l e  missions. 

o f  summary, F i g u r e  3-25 presents the optimized i n s u l a t i o n  losses f o r  

I t  i s  f e l t  t h a t  t he  s h i e l d  design would 

By way 

various mission durat ions comparing the  a c t i v e  and passive systems. 
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3 . 3  COMBINED FLIGHT EFFECTS 

Having ava i l ab le  from the study the  r e s u l t s  of the f l i g h t  mechanics 

analys is  and the thermal protect ion considerat ion,  i t  was poss ib le  t o  

combine the data from each respective area and examine comparative fac to rs .  

Figure 3-26 i s '  a combination p l o t  o f  (1) a smothered curve der ived from 

Table 3-1 o f  p rope l lan ts  required t o  perform the manuevers necessary 

t o  v i s i t  and serv ice four  s a t e l l i t e s  i n  geosynchronous o r b i t ,  ( 2 )  the 

p rope l l an t  losses and p e n a l i t i e s  due t o  heating, and ( 3 )  a summation o f  

the t o t a l  p rope l lan t  requirements. A l l  3 curves are p l o t t e d  t o  a common mission 

t ime parameter. The immediate conclusion t h a t  i s  ev ident  from t h i s  p l o t  

i s  t h a t  from the standpoint  o f  propel lant  usage, the  most e f f i c i e n t  

mission times exceed s i x  days and approach 15 days and longer 

i n  dura t ion .  

F i  gure 3-27 presents the t o t a l  propel 1 an t  penal ty  associated w i t h  

" l o i t e r i n g "  i n  o r b i t .  

many parameters. Data f o r  f ou r  d i f f e r e n t  thermal system designs and 

two d i  f f e r e n t  l o i  t e r  o r b i t  a l t i t udes  are i n c l  uded. 

penal ty"  i s  used because the f igure  n o t  on ly  r e f l e c t s  actual  p rope l l an t  

consumed but  a lso  increases i n  stage weight which would requ i re  an 

This f igure  represents the combined ef fects  o f  

The term "propel 1 ant 

equiva lent  amount o f  p rope l l an t  t o  be of f - loaded. 

made t o  d i s t i n g u i s h  between LH2 and LO2 consumption. 

simultaneous deplet ion can be obtained using an ac t i ve  p rope l l an t  u t i l i z a -  

t i o n  system t o  vary the  engine mixture r a t i o  w i t h  n e g l i g i b l e  e f f e c t  on I 

No attempt has been 

It i s  assumed t h a t  

SP - 
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Figure 3-27 i s  n o t  intended t o  be comprehensive bu t  i s  intended t o  show 

how the  data from the  thermal section and the  f l i g h t  mechanics sec t ion  

can be conttined t o  ob ta in  a complete p i c t u r e  o f  l o i t e r  o r b i t  p rope l l an t  

consumption. The " t o t a l  propel lant  penal ty"  re fe r red  t o  i n  the f igure  

inc ludes the e f f e c t s  o f  a t t i t u d e  contro l  and o r b i t  keeping prope l lan ts  

as w e l l  as LH2 b o i l o f f ,  LO2 b o i l o f f ,  and weight p e n a l i t i e s  associated 

w i t h  the  thermal system used t o  reduce b o i l o f f .  

The a t t i t u d e  con t ro l  and o r b i t  keeping prope l lan ts  a re  based on the 

payload attendance mission w i t h  the "worst sun" assumption. 

were obtained from Figure 3-16. 

presented i n  terms o f  p rope l l an t  rates and, therefore,  must be m u l t i p l i e d  

by t ime before i t  can be combined w i t h  the  thermal data. This assumes 

t h a t  the  a t t i  tude con t ro l  and o r b i t  keeping p rope l l an t  consumption ra tes  

remain constant over the  180 day mission. Such an assumption i s  n o t  

s t r i c t l y  t r u e  since there w i l l  be some feedback due t o  changing mass 

c h a r a c t e r i s t i c s .  

p re l im inary  study. 

These data 

Notice t h a t  the data i n  Figure 3-16 i s  

L 

The e f f e c t  i s  second order  and has been ignored i n  t h i s  

The combined e f f e c t s  o f  p rope l lan t  b o i l o f f  and thermal system weight 

pena l t ies  were obtained from Figures 3-21, 3-23, and 3-24 f o r  the  " s i x -  

day passive," ' 'optimized passive," and "optimized-active" thermal systems 

respec t ive ly .  The reader i s  re fe r red  t o  the  t e x t  accompanying these 

f igures f o r  a complete desc r ip t i on  o f  the  thermal systems involved.  

"six-day-passivetl system i s  b r i e f l y  a passive thermal system w i t h  insu la -  

t i o n  thickness chosen t o  minimize the sum o f  p rope l l an t  b o i l o f f  and 

The 



i n s u l a t i o n  weight f o r  a six-day mission. The "optimized passive" 

system does the  same f o r  t he  exact mission dura t ion  under consideration. 

This i s  the system t h a t  i s  redesigned f o r  each mission durat ion.  

"optimized-active" system i s  an ac t ive  thermal system redesigned a t  

each t ime p o i n t  t o  minimize the sum o f  p rope l l an t  b o i l o f f  and system 

weight. The "30-day-passive" data was obtained from the  t e x t  o f  the 

Thermal sect ion.  The t e x t  c a l l s  out a b o i l o f f  o f  340 lbm LH2, 352.4 lbm 

LO2 w i t h  i n s u l a t i o n  weights of 327.5 lbm on the  LH2 tank and 230.9 lbm 

on the LO2 tank. A t  a t ime o f  zero the  thermal weight penal ty,  w i l l  be 

j u s t  the t o t a l  weight o f  the insu la t ion ,  i.e., 558.4 lbm. This  penal ty 

w i l l  increase a t  the fo l low ing  rate:  

The 

30 days 

Thus the weight penal ty for  the "30-day-passi vel' design may be represented 

by the  fo l l ow ing  equation: 

Thermal w t  penalty = 558.4 + 23.08t 

As an example o f  how Figure 3-27 was generated, assume a mission 

dura t ion  o f  90 days and a l o i t e r  a l t i t u d e  o f  160 n.mi. from Figure 3-16, 

the t o t a l  o f  a t t i t u d e  con t ro l  and o r b i t  keeping prope l lan ts  requ i red  i n  

a 160 n.mi. o r b i t  assuming "worst sun" i s  about 11 lbm/day. For the 

"optirni zed-passi ve" 

o f  1170 lbm LO2 and 

sect ion.  The t o t a l  

(1170 lbm 

thermal system a system weight (bo i l o f f  p lus  i n s u l a t i o n )  

1200 lbm LH2 may be read from Figure 5 of  the Thermal 

p rope l l an t  penalty i s  then a r r i v e d  as fol lows: 

LO2 + 1200 lbm LH2) + 11 lbm/day (90 days) = 3360 lbrn 



i For an a l t i t u d e  o f  400 n.mi . the  t o t a l  o f  a t t i  tude cont ro l  and o r b i t  

keeping propel lants  from Figure 3-16 i s  2.95 lbm/day. The t o t a l  

propel 1 an t  penal ty i s then cal cu l  ated : 

(1 170 1 bm LO2 t 1200 1 bm LH2) t 2.95 1 bm/day (90 days) = 2636 1 bm 

Th is  process can be repeated fo r  any des i red combination of thermal system, 

l o i  t e r  o r b i t  a1 t i  tude, sun condit ion, e t c .  

As prev ious ly  s ta ted Figure 3-27 i s  n o t  intended t o  be comprehensive, 

b u t  i t  does i l l u s t r a t e  several trends which are worth not ing.  

obvious o f  these i s  the advantage o f  op t im iz ing  the thermal system f o r  

the desired mission durat ion.  A t  400 n.mi. the  sum o f  a t t i t u d e  cont ro l  

and o r b i t  keeping propel lants  has dropped t o  less  than a t h i r d  o f  i t s  

value a t  160 n.mi. Yet the  percentage change i n  the " t o t a l  p rope l l an t  

penal ty"  going from 160 t o  400 n.mi. i s  small .  This r e f l e c t s  the f a c t  

The most 

-.A* 

L 

I 

_. - . b o i  l o f f  p rope l lan ts  dominate a t t i  tude con t ro l  and o r b i t  keeping 

ope l lan ts  a t  low a t t i t u d e s .  A t  h igher  a t t i t u d e s  t h i s  dominance i s  
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3 . 4  SPACE TUG M I S S I O N  EXTENSION OPTIONS - METEOROID PROTECTION 

I n  t h i s  analys is  the study evaluated the  c u r r e n t  "basel ine" space 

tug meteoroid p ro tec t ion  system t o  determine the maximum exposure 

dura t ion  the conf igurat ion can withstand and s t i l l  meet a .995 proba- 

b i l i t y  o f  no tank f a i l u r e  i s  defined as both no damage and p a r t i a l  

penetrat ion o r b i t a l  a1 t i  tude i s  introduced as a parameter. 

Penetrat ion Resistance of Base1 i n e  Six-Days Exposure Shie ld ing System 

A t  t h i s  t ime the proposed pro tec t ion  system for the space tug 

tankage i s  shown i n  Figure 3-28. The l a r g e s t  mass M t h a t  t h i s  

conf igura t ion  can defeat  w i l l  be computed using two f a i l u r e  c r i t e r i a :  

(1)  No acceptable tank damage. 

( 2 )  P a r t i a l  tank penetrat ion accepted. 

No Acceptable Tank Damage 

Reference 2 presents an ana ly t i ca l  method for  computing requi red 

backup sheet thickness as a func t ion  o f  impacting mass, based on 

the outer  sheet e f f i c i e n c y .  The ou ter  sheet e f f i c i e n c y  i s  a lso 

a func t ion  o f  the meteoroid s i z e  (the r a t i o  o f  s h i e l d  thickness 

t o  p a r t i c l e  diameter i s  the governing parameter), so we are faced 

w i t h  a transcendental problem. We will approach t h i s  by f i r s t  

assuming t h a t  the s h i e l d  e f f i c i e n c y  i s  non-optimum, then checking 

t o  see i f  t h i s  i s  t r u e  f o r  the computed c r i t i c a l  mass. 

73 
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F i g u r e  3-28. METEOROID PROTECTION SHIELD MODEL 



'The reference 2 method deals w i t h  impact on aluminum targets .  
L- 

Hence, i t  i s  necessary f i r s t  t o  compute the thickness of aluminum 

sheet t h a t  has the same penetrat ion res is tance as the  MLI sandwich. 

The i n s u l a t i o n  sandwich i s  assumed t o  cons is t  of layers  of go ld ized 

kapton p lus nylon ne t  separators. The r a t i o  of sandwich penetrat ion 

res is tance t o  t h a t  o f  aluminum i s :  

R = 0.0973 

Thus, the aluminum sheet thickness equiva lent  i n  meteoroid 

resistance t o  the  .30" MLI i s :  

t b  = (0.0973) (.30) = .02919 inch  

t b  = .0741 CM 

.- From reference 2 :  * +  
t b  = 0.055 (@in Pt) m v 

Where : 

t b  = Required Backup Sheet Thickness (CM) 

pm = Meteoroid Densi ty (GM/CM3) 

Pt = Outer Sheet Density (GM/CM3) 

= Meteoroid Mass (GM) 

v = Meteoroid Ve loc i t y  (KM/SEC) 

From the meteoroid environment d e f i n i t i o n  model NASA TMX-53957: 

pm = 0.5 GM/CM3 

v = 20 KM/SEC 



The densi ty o f  graphi t e  epoxy i s :  . 
't = 0.056 lb / in3  = 1.55 GM/CM3 

Subs ti t u t i  ng: 
l 3  

,0741 = 0.055 [(0.5)(1.55)16 m (20) 

m = .705 X lo- '  
1 

m = 3.5 x GM 

This mass was computed using the  equation for non-optimum outer  

s h i e l d  thickness. We w i l l  now check t o  see if t h i s  was v a l i d .  

We must f i r s t  compute the aluninun sphere mass t r a v e l i n g  a t  7.2 

KM/SEC t h a t  w i l l  cause penetrat ion equivalent t o  the meteoroid mass: 

Mm 
'AL .473 VAL 2.48 

= MAL c T I  hi 
2.77 1 .473 7.2 3 2.48 

[ T  3.5 x = MAL [ 

= 1.965 X GM M~~ 

vo 1 = MAL = 1.965 X GM w 2.77 GM/CMa 

Vol = 7.10 X CM3 

Vol = m4 R3 
3 

R3 = 1.695 X CM3 

R = .0554 CM 

D I A  d = .1108 CM = .0437 inch  

7 7  



. 

We must now convert the  graphi te  epoxy ou ter  s h i e l d  (bumper) t o  

an' equivalent aluminum bumper. 

mater ia l  e f f i c i e n c y  i s  d i r e c t l y  r e l a t e d  t o  mater ia l  densi ty .  Thus: 

Reference 5 s ta tes  t h a t  bumper 

= 0.0168 i n c h  tsAL 

tsAL = 0168 = 0.38 
a-3?37 

The non-optimum range begins a t  t s  = .30 so t h a t  the  equation used 

i s  v a l i d .  
a 

The p r o b a b i l i t y  of n o t  being impacted by t h i s  mass i s  given by: 

- NAT P (x=o) = e 

Where : 

N = P a r t i c l e s  o f  mass M o r  g rea ter  per  square foot  per day 

A = Exposed Surface Area (FT') 

T = Exposure Duration (Days) 

The t o t a l  f l u x  of  meteoroids (N) consis ts  of stream and sporadic 

meteoroids. While the stream meteoroid f l u x  i s  independent o f  

o r b i t a l  a1 t i t ude ,  the sporadic f l u x  does depend on o r b i t ,  as shown 

bel ow. 

For  235 N. mile o r b i t  above e a r t h  (Skylab) 

N1 = -10.594 -1 .22 Log M 
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For an o r b i t a l  a1 t i t u d e  of  13100 N .  miles 

N1 = -10.692 -1.22 Log M 

For a synchronous o r b i t  o f  19300 N. miles 

N1 = -10.706 -1.22 Log M 

The f l u x  o f  stream meteoroids i s  constant a t  an average annual 

r a t e  o f :  

N2 = -11.504 - Log M 

The exposed surface area of  the space tug has been prev ious ly  

computed t o  be: 

A = 1228.5 FT2 

It i s  required t h a t  the p r o b a b i l i t y  of no f a i l u r e  due t o  impact 

meets 0.995, Thus, the only unknown i s  the exposure durat ion t h a t  

the space tug can withstand and s t i l l  meet the requirements. 

P r o b a b i l i t i e s  o f  no f a i l u r e  as a function o f  exposure durat ion and 

o r b i t a l  a l t i t u d e  were computed and p l o t t e d  as shown on Figure 3-29. 

P a r t i a l  Tank Penetrat ion 

Using a threshold s p a l l a t i o n  f a i l u r e  c r i t e r i o n ,  i t  has been 

ca lcu lated t h a t  the p o r t i o n  o f  tank thickness t h a t  can be considered 

e f f e c t i v e  i n  r e s i s t i n g  impact i s :  

= 0.125 inch = .0317 CM t~~ 



. 
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Thus, the t o t a l  equ iva lent  backup sheet thickness i s :  

tb = .0317 t ,0741 = . lo58  CM 

From reference 2: 
1. 1 

tb = 0.055 (Pmpt)6 m 3  v 

. lo58  = 0.055 [ (0 .5 ) (1  .55)]'$ (20) 
1, 

m 3= 1 .007 X 10-1 

m = 1.03 X GM 

We now compute the equivalent aluminum sphere mass t r a v e l i n g  a t  

7.2 KM/SEC. 

MAL = 5.78 x GM 

voi = M~~ = 5.78 x I O - ~ - G M  
% '2.77 a477343 

Vol = 2.09 X CM3 

3 Vol = 4 mR 
3 

R3 = 3 (2.09 X 
45- 

R3 = 4.97 X CM3 



R = .792 CM 

DIA d = .1584 CM = .0624 inch 

t s  = .0168 = 
3-m 

This value i s  in the t rans i t  

optimum equation domains, so 

i s  conservati ve, 

0.27 

on range between optimum and non- 

the use of the non-optimum equation 

Probabilities of no fai lure  as a function of exposure duration and 

orbital  a l t i tude  were again computed and plotted i n  Figure 3-30. 

Configuration Improvements for Mission Extensions 

We have evaluated the baseline configuration and shown that i t  

w e t s  the 0.995 probability of no failure for mission durations o f  

9-13 days w i t h  no acceptable tank damage and 35-45 days w i t h  partial  

tank penetration. 

changes mus t  be made to extend these exposure times. 

I n  this section we will examine what configuration 

We f i r s t  must compute the meteoroid masses that we have to  defeat 

i n  order to a t ta in  the 0.995 r e l i a b i l i t y  level for  a particular 

mission duration. This i s  accomplished for each of the reference 

al t i tudes and the result  p lo t t ed  i n  Figures 3-31 and 3-32. 

The general barr ier  concept of a sk inned  isogrid outer wall made 

from graphite epoxy (tmin = 0.030") spaced off of an insulation 

sandwich covering the tankage is  highly desirable from s t ruc tura l ,  

weight, and insulation standpoints. Hence, we will s t i l l  address 

p ". 
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this basic configuration, this time looking a t  the component 

parameters, These are: 

1 .  Bumper Thickness 

2 .  MLI Thickness 

3. Spacing between Bumper and MLI 

Again we will consider b o t h  no t a n k  damage and partial t a n k  penetration 

fai 1 ure cri teri  a .  

No T a n k  Damage 

Of the three parameters listed above, increasing the MLI thickness 

as mission duration increases i s  the only certainty based on 

requirements other than meteoroid. 

primary parameter in our "design" process. The logic for this process 

i s :  

Hence, we will use this  as the 

1 .  Determine required MLI  thickness based on the equation on 

Page 

2 .  Compute spacing between graphite epoxy and MLI . 

3 .  Compare this spacing t o  optimum valve of 30d, where d i s  the 

diameter o f  the equivalent aluminun sphere mass traveling 

a t  7.2 KM/SEC. 

4 .  Compute Ts/d ratio t o  evaluate bumper efficiency. 

The process i s  performed computing required values as a function o f  

meteoroid mass. 



ihe maximum c r i t i c a l  mass for  a s i x  month mission ( o r b i t a l  

a l t i t u d e  = 19300 N.M. )  I s  4 .0 X lo- ’  GM. The spacing between 

graphi te  epoxy and MLI f o r  t h i s  mass case i s  29D. This i s  s t i l l  

e s s e n t i a l l y  optimum. The bumper ef f ic iency up t o  t h i s  mass s i z e  

i s  excel lent .  Thus, t h i s  appears t o  be the best way of increasing 

meteoroid protect ion.  

A p l o t  o f  required MLI t vs exposure durat ion i s  made on Figure 3-33. 

P a r t i a l  Tank Penetrat ion 

The same approach w i l l  be used here as was used i n  th, no tank dam ge 

case. Program TMLI w i l l  be modif ied t o  r e f l e c t  the added p ro tec t i on  

provided by the tank wal l  (tEp = .0317 CM) by: 

170 

Results are shown i n  Figure 3-34.  

T2 = (T - .0317) / (2.54 *0.0973) 

When comparisons are made between the requirements fo r  MLI i n  terms 

o f  thermal p ro tec t i on  and f o r  meteoroid damage p r o t e c t  on i t  i s  

evident t h a t  the thermal considerat ion p r e v a i l .  There ore fo r  

extended missions, adequate thermal p ro tec t i on  for  a six-day 

meteoroid p ro tec t i on  f o r  missions extending t o  s i x  months durat ion.  
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L 3.5 EFFECTS OF MISSION DURATION EXTENSION ON ELECTRICAL POWER SYSTEM 

Extension of Space Tug's operating mission duration beyond the six 

days currently envisioned will require additional reactants t o  furnish 

chemical energy for conversion t o  electrical  energy for the vehicle loads. 

Fuel ce l l s  currently ready for program development have been tested for 

5000 hours of operation with no discernable performance degradation. 

The advanced fuel ce l l s  being considered for  the ful l  capability Tug,  for 

example the 402 or 403 options, will probably e x h i b i t  operating lifetimes 

well i n  excess o f  th i s  value. 

L-- 

The various candidate Tug programs will require average power d u r i n g  coast 

operations between 550 and &.ZL u-tts.. according t o  present estimates. 

Configuration option 403 is estimated to require an average power level 
__--..*.. I _ _  

b m w a t t s .  The advanced fuel cell batteries that  will  supply electr ical  

power for this program are expected t o  consume oxygen and hydrogen 

reactants a t  a corrbined rate  o f  0.73 lb/hr,  i n  an 8:l mass ra t io .  --<- C-L- 

The T u g  can be operated i n  one of  two ways for an extended coast period. 

I n  the f i r s t  approach, a l l  electrical  loads can be operating d u r i n g  the 

extended coast period that would normally be operating while coasting 

during a 6 day mission. 

ones (including u p l i n k  communications gear and the portion of the Data 

Management System required t o  porcess up1 i n k  commands) can be turned of f .  

Heaters would have to be added to keep the remaining equipment from getting 

cold enough t o  compromise i ts reliabi 1 i ty  for subsequent operations. T h i s  

I n  the second approach, a l l  loads b u t  the essential 

approach takes into account that  thermal cycling can be a major contributer 

t o  equi pmen t fa i  1 ures . 



. 

L' I t  i s  diff icul t  a t  the present time to  credibly estimate how much reduction 

in average power requirements could be accomplished by using the powered 

down approach. Thermal parameters of the many electrical loads vary widely, 

and detailed analysis will be required for each item of equipment t o  

determine i t s  individual heating requirements. 

The t o t a l  reactant requirement for a program 403 Tug vehicle operating 

accord ing  t o  the f i r s t  approach would be 530 lb. 

i n  a 8:l mass r a t i o  for a 30 day coast  period, or 3200 lbs.  for a 6 month 

of oxygen and hydrogen 
-c--u 

c o a s t  period. 

undetermined lesser quanti t i es .  

The reactant requirements for the second approach would be 

I 



3.6 SYSTEM RELIABILITY CONSIDERATIONS 

I n  o rder  t o  achieve the requ i red  confidence of mission success r e l i a b i l i t y  

considerat ions must take i n t o  account numerous facets o f  the  Tug design. 

The space tug  needs t o  surv ive the manufacturing process, t ranspor ta t i on  

t o  the  launch s i t e ,  checkout and mating wi th  the  payload spacecraft, load ing  

i n t o  the space s h u t t l e  payload bay, launch pad loading and checkout, l i f t o f f  

and atmospheric powered f l i g h t ,  o r b i t a l  i n s e r t i o n ,  deployment from the 

s h u t t l e  bay, the tug mission i t s e l f ,  o r b i t a l  recovery t o  the  s h u t t l e  bay, 

e n t r y  and ear th  re tu rn ,  t ranspor ta t ion  t o  the  re fu rb ish  area, maintenance 

and rework t o  the  f l i g h t  readiness s t a t e  and the  repeat of the process many 

times i n  the conduct o f  subsequent missions. A t  each stage of the  sequence 

f a i l  ures which would adversely a f f e c t  mission success can be encountered 

o r  f o r  t ha t  matter induced by fau l ty  procedures. 

and examine each face t  i n  order t o  determine the  s u i t a b i l i t y  o f  t he  design 

It i s  necessary t o  assess 
u 

t o  surv ive  an extension i n  space tug mission du ra t i on  w i t h i n  the l a r g e r  

E -  l rdmework of t o t a l  system performance. F a i l  ures which would compromise 

mission success can be categorized i n  three basic categories, namely: 

defects i n  mater ia ls  and workmanship which are normally reduced t o  an 

acceptable minimum by inspect ion,  t e s t  and checkout procedures dur ing  the  

manufacturing process and p r i o r  t o  i n i t i a t i o n  o f  the  mission, (2) f a t i g u e  

f a i l u r e s  caused by wearout o f  components w i t h  operat ing t i m e  and du ty  

cyc les which are con t ro l l ed  by se lec t ion  o f  appropr iate long l i f e  items 

o r  by switchover t o  redundant elements, and (3 )  catas t roph ic  f a i l u r e s  

which are minimized by es tab l i sh ing  acceptable sa fe ty  fac to rs  and design 

margins . 

(1)  



L 
A t  t h i s  stage of  the study a prel iminary r e l i a b i l i t y  analysis of the  

e f f e c t s  on system r e l i a b i l i t y  of extending the mission time was made. 

Conf igura t ion  op t ion  403, which i s  very s i m i l a r  i n  a r e l i a b i l i t y  sense, 

was used as a model. 

t o  a mission dura t ion  o f  30 days. The data depicted shows an estimate of  

mission completion r e l i a b i l i t y  of about 92 percent f o r  this extended 

mission per iod.  

Figure 3-35 i s  a p ro iec t i on  o f  the 403 conf igura t ion  

A l s o  shown on Figure 3-35 are estimates of t he  r e l i a b i l i t y  p ro jec t ions  

f o r  the propuls ion system and f o r  the avionics a t  both h igh and low l e v e l s  

o f  operat ion.  Figure 3-36 substantiates the  propuls ion estimate i n  terms 

o f  a standard ser ies  system s t a t i s t i c a l  estimate. A s i m i l a r  approach was 

used i n  the  av ion ic  computations. 
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4 . 0  liL.COMMENDED FUTURE EFFORT 

A next level of detail  that  future ac t iv i t ies  could pursue would involve 

a d d i t i o n a l  work in the areas of mission analysis, a t t i tude control system 

considerations, thermal effects ,  and modes of astrionic subsystem opera- 

t ions.  The following p o i n t s  present some of. the ac t iv i t ies  and 

study areas t h a t  are recommended for further consideration. 

1. Determine the velocity required t o  remain i n  l u n a r  o r b i t  
and return as a function o f  l una r  s tay  time, n o t i n g  t h a t  
the m i n i m u m  energy case o f  
f o r  discrete stay times. 

28,000 f t / sec  occurs only 

2 .  Perform additional extended synchronous mission analyses 
t o  include N sa t e l l i t e s  (N>4) and examine the effect  o f  
angu la r  orientation of the s a t e l l i t e s  visi ted.  

3 .  Extend the l o i t e r  mission analysis t o  determine the effect  
on a t t i  tude control system (ACS) propel 1 a n t  expenditure of 
time varying vehicle mass due t o  propellant boiloff. 

4 .  Analyze a more sophisticated control limit cycle t o  better 
establish the ACS propellants expended. 

5. Perform analyses t o  determine whether the extended mission 
time can be adequately utilized t o  minimize the t u g  velo- 
c i t y  expended for  node adjustment for the t u g  interplane- 
ta ry  and return mission. 

6. Define f o r  the extended t u g  mission the thermal environ- 
ment i n  more detail  which the vehicle and vehicle tanks 
will encounter. 

7. Examine the range of vehicle orientations in a given o r b i t  
from the thermal standpoint. 
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8.  Conduct the f e a s i b i l i t y  o f  incorpora t ion  o f  the  design 
which includes the  aluminum s h i e l d  over t h e  LH2 and LO2 

tanks w i t h  the  vented hydrogen used t o  reduce LH2 b o i l o f f  

as we l l  as o the r  techniques f o r  reducing the  i n s u l a t i o n  
and p rope l l an t  weight penalty. 

9.  Define po ten t i a l  modes o f  operat ion f o r  t he  t u g  as t r i on i cs  
and s p e c i f i c  e f f e c t s  on as t r i on i cs  equipment from o ther  
def ined mission p r o f i l e s .  

10. Estimate heat ing requirements t o  maintain a s t r i o n i c s  equip- 
iiient above mini mum a1 1 owabl e temperatures f o r  mai ntenance 
o f  operating r e l i a b i l i t y .  

1 1 .  Evaluate r e l a t i v e  mer i ts  o f  p rov id ing  requ i red  heat by 

l eav ing  non-essenti a1 equipment turned on versus prov i  d i  ng 

heating by separate resistance heating. 

1 2 .  Perform a d e t a i l e d  mission extension assessment o f  s p e c i f i c  

program options d e t a i l e d  out  o f  t he  study se lec t i on  process. 
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Appendix A 

SLUSH I I Y  DROGEN CHARACTER1 STICS 

The f o l l o w i n g  po in ts  sumnarize some of the des i rab le  cha rac te r i s t i cs  o f  

s lush o r  t r i p l e  p o i n t  hydrogen. 

these proper t ies .  

Figures A and B g raph ica l l y  d i sp lay  

1. Slush hydrogen has greater density and more r e f r i g e r a t i o n  capaci ty 

than 1 i q u i  d hydrogen. 

2.  Reduction i n  evaporation loss  dur ing storage. 

3. Hydrogen s lush  reduces the  quant i t y  o f  hydrogen gas t h a t  b o i l s  o f f ,  

because both the  l a t e n t  heat o f  fus ion  o f  the  s o l i d  (25.02 B t u / l b )  

and the  sensible heat (22.72 Btu/ lb)  o f  warming the  l i q u i d  from the  

t r i p l e  p o i n t  (13.803"K) t o  the normal b o i l i n g  po in ts  (20.278"K) must 

be absorbed before the  hydrogen s t a r t s  t o  b o i l  a t  atmospheric 

pressure. 

191.6 Btu w i l  r a i s e  the  temperature of 5.44 l b s  o f  50% s lush o r  8.43 

l b s  of  subcoo ed l i q u i d  hydrogen from t h e  t r i p l e  p o i n t  t o  t h e  b o i l i n g  

po in t  w i t h  no evaporation loss.  

4. 

5.  Use of 507; slush a t  t he  t r i p l e  po in t ,  13.80loK, has t h e  advantage o f  

a densi ty  15.6% h igher  than tha t  o f  t he  l i q u i d  hydrogen a t  i t s  b o i l -  

i n g  po int .  



'.d 6. 0 Liquid Hydrogen - A t  i t s  boi l ing p o i n t ,  20.268"K3 has a dens i ty  of 

4.418 lb /cu . f t .  

0 50% slush hydrogen a t  the tr iple p o i n t ,  13.801°K, has a dens i ty  

? 5.6% higher .  

0 Average dens i ty  of 50% slush hydrogen i s  5.107 lb / cu . f t .  

7 .  Slush hydrogen allows combination of  lower tankage weight, longer  

s to rage  i n  space, lower insu la t ion  weight and lower weight of  vented 

hydrogen. 

8 .  The maximum s o l i d  conten t  for a flowable m i x t u r e  appears from experi- 

mentation t o  be just above 5oX s o l i d  by weight. 

L 

9. Slush hydrogen i s  i n  equi l ibr ium w i t h  vapor-sol id- l iquid only a t  the 

t r i p l e  point  of 13.8"K (24.8"R) and 52 .8m Hg (approximately 1.02 

p s i a ) ;  therefore, the space vehicle  tankage must be pressurized w i t h  

he1  i um above atrnospheri c pressure.  

10. Advantage of 50% slush hydrogen over  atmospheric pressure l i q u i d  

hydrogen a r e  due t o  i t s  36 B t u  per l b  higher  hea t  capaci ty  (lower 

enthalpy)  and/or i t s  13% lower s p e c i f i c  volume. 

1.T-D 
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F qure A .  SLUSH HYDROGEN CHARACTERISTICS 

Dei) c ted i n  t h i s  char t  are the cha rac te r i s t i cs  o f  saturated l i q u i d  hydroqen 

( a t  1 atiiiosphere), sub-cooled l i q u i d  hydrogen and mixtures o f  s o l i d  tiydro- 

q e i ~  Ttie increased densi ty  and heat capaci ty  o f  sub-cooled l i q u i d  and 

s o l i d  iiydrogerl mixtures can be advantageous when u t i l i z e d  as a space 

vui; icIe  fue l .  

det is i ty o f  saturated l i q u i d  hydrogen i s  4.43 l b / c u . f t .  

fi i i v s  when vapor -so l id - l iqu id  occur. 

dt insi ty i s  shown as 4.81 lb / cu . f t .  

c(itc?d can be flowed w i t h  no apparent d i f f i c u l t y ,  the  densi ty  i s  

A t  zero Utu/lbrn heat c a p a b i l i t y  d i f fe rence the i nd i ca ted  

T r i p l e  p o i n t  de- 

For sub-cooled l i q u i d  hydrogen the  

A t  50% so l ids ,  which t e s t s  has i n d i -  

5 . 1 1  l b / c u . f t .  
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bispldyed qraphica l ly  i n  t h i s  char t  a r e  the volumes and weights f o r  

s a t u r a t e d  l i q u i d  hydrogen, sub-cooled l i q u i d  hydrogen, and 50% and 80% 

liydroqen slusti f o r  the range o f  values of in te res t  f o r  a Tug design. 

For a p rope l l an t  load o f  52,300 lbs  and a f4R of  6 7,471 l b s  o f  hydrogen 

i s  required.  

~ t o u l d  requi re  a volume 13.3% l e s s  than t h a t  required f o r  s a t u r a t e d  

1 i qu i  d hydroqen. 

As shown a 7,471 l b  load o f  50% hydrogen slush mixture 



The following ca lcu la t ions  assume the thermal in su la t ion  is  optimized f o r  a 
(;-day iiiission. 

i, 
L 

F i f t y  percent  hydrogen slush a t  melting po in t  temperature = 434.4"F = 25.6"R 

1.7988 BTU lbm = 25. - BT U 
1 bm 

Heat of fusion = 13.9 cal/gm x cal/gi 
Heat of vaporizat ion = 107 cal/gm = 192.3 BTU/lbm 

Hydrogen melting poin t  temperature = 422.9OF = 37.1"R 

For 5.44 pounds of  50 percent slush: 
hydrogen. 
s o l i d  hydrogen a t  25.6"R i s :  

Hence this represents 2.72 pounds of s o l i d  
Therefore the energy required f o r  change of  phase of 2.72 pounds of 

BTU = 2.72 lbm x 25% = 68. BTU fusion = m . h  QS+L 

There remains now 5.44 lbm o f  l i q u i d  hydrogen a t  25.C"R.  
the l i q u i d  hydrogen between the temperatures of  25.G0R to  37.1"R will  be assumed 

The s p e c i f i c  hea t  f o r  

t o  Le: 
L 

1 C p  z Cs z 7 ( ~ . 4 ~ * '  + 1.8) = 2.1 BTU/lbm . R 

The energy required f o r  r a i s ing  the 5.44 lbm o f  l i q u i d  hydrogen from 25.6'R t o  
37.1 O R  i s  es t imated as:  

Q, = mC AT = 5.44 lbm 2.1 - (37.1'1.5 - 25.6)"R 
P 

131.3 BTU 

Therefore the absorbed energy required t o  raise the 5.44 lbm o f  50 percent  hyd- 
rogen slush from i t s  25.6'R t o  i t s  sa tu ra t ion  l i q u i d  temperature of 37.1"R i s :  

- = 68. + 131.3 

= 199.3 BTU 
()TOT - Qs + G  + QZ 

Tug vehic le  fue l  capaci ty  is  7471 lbm of 50 percent slush hydrogen. Therefore 
the required energy t o  r a i s e  7476 lbm o f  50 percent  slush hydrogen from 25.6"R 
t o  s a t u r a t e d  l i q u i d  hydrogen temperature o f  37.1"R a t  one atmosphere pressure i s :  

TUG 



c L 

From Figure 3-20 the l i q u i d  hydrogen bo i lo f f  of  140 lbm propel lan t  w e i g h t  f o r  
a 6 day mission - continuous vent. Hence this represents a heat load f o r  6 day 
mission o f :  

L 

BTU 140 lbm x 192.3 - 
Q6 day - "boi loff  " f g  
mission 4 2 2 . 7  x 10 BTU 

This absorbed hea t  represents the t u g  design heat load for the 6 day mission. 

CON CLUS I ON : 

Based upon the, Q6 day , heat load f o r  the six day mission, i t  can be s a i d  t h a t  

no bo i lo f f  wi l l  occur when 50 percent slush hydrogen i s  u t i l i z e d ,  s ince  

Q6 day < QTOT' 
mission T U G  

mission 

For 50 percent s lush hydrogen: 

1 Sol id  hydrogen mass = 7 X  7471 lbm = 3735.5 lbm 
L 

Energy required f o r  change of  phase of 3735.5 lbm of s o l i d  hydrogen a t  25.6"R 
is :  

4 
= 3735.5 lbm X 25 ;i: E 6.33 X 10 BTU - h 

QS * L  mifusion 
- 

4 NOTE THIS HEAT FLUX GREATER THAN Q, day = 2.7 X 10 BTU. 
m i  ss i on 

Hence with 50 percent s lush  hydrogen, 3735.5 lbm, and w i t h  the G day mission 
hea t  load o f  2.7  x 10 BTU, the following represents the mass o f  s o l i d  hydrogen 
t h a t  would be melted a t  this hea t  load . . . . 

4 

Q6 day 9 

3 27 l o a  = 1.08 X 10 lbm 25 BTU/lbm 
- mission - - - 

"'6 tifusion 

= 1080. lbm 



Mass o f  s o l i d  hydrogen remaining a f t e r  6 day mission: if 
- 

m ]= mi - m6 = 3735.5 - 1080. = 2655.5 lbm 
s o l i d  
ti day 

Hence a t  end of 6 day mission the remaining propellant s lush  consistency would 
be: 

Slush Concentration - 2655.5 = 35.5% 
Remai n i  ng 7471. 

Hence a s losh consistency of 7471 lbm lbm 
load of 2 .7  X 10 BTU would leave a f u l l y  l iquif ied hydrogen propel lan t  a t  the 
temperature of 25.6"R a t  the end of:  

14.45% w i t h  the referenced 6 day heat 
4 

= 20.6 days 14.45 

Now i n  the event,  i t  i s  required to  have the l i q u i d  hydrogen t o t a l  mass, 
7476 lbm, t o  be a t  the sa tu ra t ion  temperature of 37.1°R; the following calcu-  
l a t i o n s  wi l l  repor t  the i n i t i a l  slush consistency t o  achieve this.  

L 

The energy required t o  r a i s e  7476 lbm l i q u i d  hydrogen from 25.G0R t o  37.1"R: 

= mC AT = 7471 lbm 2.1 - X 11.5"R 
QL -+ P 

= 1.807 x lo5 BTU 

This i s  g r e a t e r  than 9, day , hence slush not  required.  B u t  a subcooled l i q u i d  

may be u t i l i z e d .  
mission 

The degree of subcool i s  estimated as follows: 

Q6 day 4 mission - 2.7 X 10 BTU 
- 7471 lbm 2.2 BTU AT = mC 

P 1bm"R 

= 1.643OF 

The time required t o  heat the e n t i r e  mass t o  the s a t u r a t i o n  temperature i s  
w X 6  = 40.2 days. The t o t a l  time from a 50 percent slush t o  sa tu ra t ed  
l i q u i d  i s  then 20.6 t 40.2 = 60.8 days. .- 

UASA-MSFC 


